Background: The FAO has recommended replacing the protein digestibility-corrected amino acid score (PDCAAS) with
Introduction
An accurate assessment of the nutritional quality of dietary proteins is of fundamental importance. Although there are many means of determining dietary protein quality, the FAO/WHO (1) have previously recommended the protein digestibilitycorrected amino acid score (PDCAAS) 6 as a suitable method. The score is based on the ratio of the amount of the first-limiting dietary indispensable amino acid in the protein source to the amino acid requirement of the 1-2-y-old child corrected for protein digestibility based on true fecal nitrogen digestibility and using the growing rat as a model for the adult human. PDCAAS values >1 for both whole foods and ingredients are rounded (truncated) to 1 (1) .
Although the PDCAAS method has proven to be useful, it has been criticized on several counts (2) (3) (4) (5) (6) . First, the PDCAAS uses fecal rather than ileal estimates of protein digestibility, yet ileal digestibility estimates are more accurate compared with fecal digestibility estimates, as discussed by Moughan (7) and Schaafsma (4) , because fecal digestibility estimates are confounded by the metabolic activity of the microbiota of the hindgut (8, 9) . Second, protein digestibility values (based on the digestibility of nitrogen) are less accurate than amino acid digestibility values (based on the digestibility of individual amino acids) for describing protein quality because they do not reflect the digestibility of amino acids individually (4, 5) . Third, metabolic fecal nitrogen does not accurately account for the endogenous proteins that are lost into the gut lumen and are present in ileal digesta and feces. Fourth, protein ingredient sources that have PDCAAS values >1, but that have been truncated to 1, cannot be adequately ranked as sources of the first-limiting amino acid (3) (4) (5) . Fifth, the use of the amino acid requirements of the 1-2-yold child to estimate PDCAAS values for all humans and the accuracy of those requirement estimates have been questioned (10, 11) .
Taking the above criticisms into account, the FAO (12) has proposed that the PDCAAS be replaced by the digestible indispensable amino acid score (DIAAS), which is based on true ileal amino acid digestibility determined for each amino acid individually, and Lys availability (12) estimates, using nontruncated scores for food ingredients.
The aim of this study was to compare aspects underlying the calculation of the DIAAS and PDCAAS, including the use of digestibility values determined at the fecal vs. ileal level (true fecal nitrogen digestibility compared with true ileal nitrogen digestibility) and the suitability of using a single digestibility value for all amino acids (true ileal nitrogen digestibility compared with true ileal amino acid digestibility). Truncated PDCAAS and untruncated DIAAS values calculated as formally defined (i.e., each based on the prescribed amino acid reference pattern) were compared.
Methods
Fourteen food protein sources were chosen to represent a cross-section of foods and food ingredients that likely varied in their digestibility. The dairy proteins whey protein isolate (WPI) 8855, milk protein concentrate (MPC) 4850, whey protein concentrate (WPC) 392, and acid casein were obtained from the Fonterra Co-operative Group. Rice protein concentrate (Oryzatein 90) was obtained from Axiom Foods, soy protein isolate (SPI) A (Supro XF) and SPI B (Supro 670) were obtained from Solae, and pea protein concentrate (Nutralys S85) was obtained from Roquette. Kidney beans, roasted peanuts, whole peas, a corn-based breakfast cereal, rice, rolled oats, and wheat bran were obtained from local supermarkets. The raw kidney beans, fresh garden peas, rice, and rolled oats were all cooked as described below. The kidney beans were soaked overnight, then heated in water to 100°C and cooked for 45 min at that temperature. The peas were heated in water to 100°C and then cooked for 4 min at that temperature. The rice was cooked using a commercially available rice cooker as described by the manufacturer (Kambrook). The rolled oats were mixed with an equal volume of water, heated to ;100°C
, and cooked at that temperature for 15 min. All cooked materials were freeze-dried after cooking and all materials were ground through a 1mm mesh just prior to inclusion into the diets.
Rat study. National guidelines for the care and use of animals were followed and all experimental procedures involving rats were approved by the Massey University Animal Ethics Committee.
Fourteen semisynthetic wheat starch-based diets were formulated to contain 100 g/kg protein, with each diet containing 1 protein source as the sole source of protein. Titanium dioxide (3 g/kg) was included in each diet as an indigestible marker. For protein sources that contained <100 g/kg protein, the vitamin and mineral mix and marker only were added to the protein source. The ingredient composition of the basal and test diets is presented in Supplemental Table 1 . All diets met the nutrient requirements of the growing rat, with the exception of protein (13) . The animal trial using 84 male Sprague-Dawley rats weighing ;250 g was conducted as described by Rutherfurd and Moughan (14) , except that the rats were fed a casein-based basal diet from day 1 to day 7, and then were fed their respective test diets from day 8 to day 14. From day 11 to day 14, total feces were collected from each rat. The feces were freezedried and the nitrogen and titanium content determined. On day 15 of the study, the rats were killed using asphyxiation with carbon dioxide gas followed by decapitation and terminal ileal digesta samples collected as described by Rutherfurd and Moughan (14) . The digesta were freezedried in preparation for the analysis of amino acids, nitrogen, and titanium dioxide. Inspection of digesta at collection indicated that coprophagy had not occurred.
Chemical analyses. Amino acid contents of the protein sources, diets, and digesta samples were determined as described by Rutherfurd et al. (15) . Reactive Lys was determined by using the method of Rutherfurd and Moughan (16) . The weight of each amino acid was calculated by using free amino acid molecular weights.
Crude protein was determined as nitrogen multiplied by 6.25 (12, 17) . Nitrogen was determined in duplicate using the LECO total combustion method (18) on a LECO TruSpec CN (Carbon/Nitrogen) Determinator (LECO Corporation). The titanium dioxide content of the diets and digesta samples was determined using the method of Short et al. (19) .
Data Analysis. Amino acids and nitrogen (micrograms per gram dry matter intake) in the terminal ileal digesta and true ileal nitrogen and amino acid digestibility were calculated by using equations that are fully documented elsewhere (15) . Endogenous ileal amino acid flows were based on those determined in the growing rat by using the enzyme hydrolyzed protein/ultrafiltration method and reported by Rutherfurd and Moughan (20) . The estimates of endogenous ileal amino acid flows were the means of flows determined by using different protein hydrol- ysates (casein, beef muscle protein, lactalbumin, zein, and SPI) in rats of a body weight that was similar to those used in the present study. Endogenous ileal nitrogen flow was that determined in rats fed a proteinfree diet as reported by Butts et al. (21) . True fecal nitrogen digestibility was calculated by following WHO guidelines (6) , in which the metabolic fecal nitrogen flow was that determined in rats fed a protein-free diet and as reported by Hendriks et al. (22) . The PDCAAS was calculated as prescribed by the FAO/WHO/UNU Expert Consultation (1) as follows:
PDCAAS ¼ Lowest uncorrected amino acid ratio 3 fecal crude protein digestibilityð%Þ where the amount of test protein was based on crude protein (total N content 3 6.25) content. The reference protein indispensable amino acid profile was either the amino acid requirement pattern for the 1-2-y-old child (6) or the amino acid requirement pattern for the 0.5-3-y-old child (12) . For comparison of the PDCAAS with the DIAAS, PDCAAS values that were >1 were truncated to 1. The DIAAS was calculated as prescribed by the FAO (12) as follows:
DIAAS ¼ lowest digestible indispensable amino acid ðithÞ reference ratio where the digestible indispensable amino acid reference ratio is calculated as follows: where the amount of test protein was based on crude protein (total N content 3 6.25) content, i (1 2 n) refers to the dietary indispensable or conditionally indispensable amino acid, the reference protein amino acid profile was the amino acid requirement pattern for the 0.5-3-y-old child (12) , and the digestible amino acid content was calculated as follows:
Digestible amino acid ðithÞ content ðg=kg proteinÞ ¼ Amino acid ðithÞ content ðg=kg proteinÞ 3True ileal amino acid ðithÞ digestibilityð%Þ where i (1 2 n) refers to the dietary indispensable or conditionally indispensable amino acids and where for Lys, estimates of availability (digestibility of reactive Lys) rather than digestibility were used.
Statistical Analysis. True ileal nitrogen digestibility was compared with true fecal nitrogen digestibility and true ileal nitrogen digestibility was compared with the true ileal amino acid digestibility using 1-factor ANOVA for each protein source singly (general linear model procedure) by using SAS version 9.3 (SAS Institute) (23) . True ileal nitrogen digestibility was compared with true ileal amino acid digestibility using orthogonal contrasts when overall significant differences were observed (P < 0.05). In addition, a correlation analysis was conducted between true ileal nitrogen digestibility and true fecal nitrogen digestibility by using the CORR procedure in SAS version 9.3 (23).
Results
Gross protein and amino acid composition. The gross amino acid and protein contents of the 14 protein sources are presented in Supplemental Table 2 .
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Overall, there was a strong correlation between true ileal nitrogen digestibility and true fecal nitrogen digestibility (r = 0.91, P < 0.001). When each protein source was examined individually, there was no difference (P $ 0.05) between true ileal nitrogen digestibility and true fecal nitrogen digestibility for pea protein concentrate, cooked kidney beans, and cooked peas, but true fecal nitrogen digestibility overestimated (P < 0.01) true ileal nitrogen digestibility from 2.7% to 8.2% for some of the highly digestible protein sources (i.e. those having a true ileal nitrogen digestibility value >90%), including WPI, WPC, SPI A, SPI B, MPC, and roasted peanuts, and from 7.6% to 22.7% for some of the more poorly digested protein sources (i.e. those having a true ileal nitrogen digestibility <90%), including rice protein concentrate, cooked rice, corn-based breakfast cereal, cooked rolled oats, and wheat bran.
Comparison between true ileal amino acid digestibility and true ileal nitrogen digestibility. True ileal amino acid 2 Lys availability based on reactive Lys determined by using the guanidination method (16) 3 Compared across true ileal amino acid digestibility and true ileal nitrogen digestibility for each protein source separately. 4 No P values are presented for the individual amino acids since the overall P value for cooked rolled oats was $0.05. digestibility and Lys availability values for the 14 protein sources were determined ( Table 2) . True ileal digestibility values for glycine were not reported, because endogenous ileal glycine flows (used to correct apparent glycine digestibility values to true values) may be overestimated when determined by using the enzyme hydrolyzed protein/ultrafiltration method (14) . Mean true ileal digestibility across all of the determined amino acids (excluding glycine) ranged from 67% for the corn-based breakfast cereal to 100% for WPI. True ileal amino acid digestibility ranged across the dietary indispensable and conditionally indispensable amino acids within each protein source with the mean difference across amino acids being 18% units across the 14 protein sources. True ileal amino acid digestibility was compared for each amino acid individually with true ileal nitrogen digestibility for each protein source and the outcome of the statistical analysis is shown in Table 3 . There was no overall difference (P $ 0.05) beween true ileal digestibility of dietary indispensable/conditionally indispensable amino acids and true ileal digestibility of nitrogen for cooked rolled oats, but for the other protein sources, true ileal nitrogen digestibility and true ileal amino acid digestibility were different (P < 0.05) for between 2 and 9 amino acids (mean = 6 amino acids across protein sources) out of the 11 dietary indispensable and conditionally indispensable amino acids examined for each protein source. For the latter amino acids, true ileal nitrogen digestibility generally underestimated true ileal amino acid digestibility (mean absolute differences across amino acids ranged from 1.8% for WPI to 280% for the corn-based breakfast cereal, with a mean difference across all protein sources of 27%).
Amino acid reference ratios. Untruncated amino acid reference ratios determined based on true ileal amino acid digestibility and Lys availability or true fecal nitrogen digestibility alone are presented in Table 4 . For Table 4 , all reference ratios were calculated based on the amino acid requirement pattern for the 0.5-3-y-old child (12) . The reference ratios were $1 for all of the dietary indispensable amino acids within each protein source for only MPC and WPI. When the lowest digestible indispensable amino acid reference ratio (DIAAS) was compared with the lowest non-truncated protein digestibility-corrected amino acid reference ratio (PDCAAS), the PDCAAS overestimated the DIAAS by between 2.0% for WPI and WPC and 515% for the corn-based breakfast cereal (mean overestimation, 7% across protein sources, excluding the corn-based breakfast cereal). The PDCAAS underestimated the DIAAS by 6% for cooked rice, whereas for cooked peas the latter 2 ratios were similar.
Comparison between the DIAAS and PDCAAS as formally defined. The PDCAAS determined as described by the FAO (1) and corrected for fecal crude protein digestibility, truncated, and based on the amino acid requirement pattern for the 1-2-y-old child (6) , and the DIAAS determined as prescribed by the FAO (12) and corrected for true ileal amino acid digestibility, untruncated, and based on the amino acid requirement pattern for the 0.5-3-y-old child (12) are presented in Table 5 . The PDCAAS underestimated the DIAAS by 15% and 8% for MPC and WPI, respectively. In contrast, the PDCAAS overestimated the DIAAS by between 3% and 574% (mean overestimation, 59%) for the remaining 12 protein sources.
Discussion
A fundamental criticism of the PDCAAS is that it uses fecal rather than ileal digestibility. A strong correlation was found between true fecal nitrogen digestibility and true ileal nitrogen digestibility, but true fecal nitrogen digestibility generally overestimated true ileal nitrogen digestibility. Another criticism of the PDCAAS method centers on the use of nitrogen digestibility, rather than the digestibility of individual amino acids, to correct amino acid scores, which can lead to either an underestimate or overestimate of protein quality depending on the relative difference between the digestibility of nitrogen and the digestibility of the first-limiting amino acid (4, 5, 24) . Statistically significant and practically meaningful differences were found between true ileal amino acid digestibility and true ileal nitrogen digestibility within protein sources. The true ileal amino acid digestibility values determined in the rat were generally similar to comparable published values determined in both the growing rat and adult human where such data are available (14, 15, 20, 25, 26) . The crude protein content was estimated here based on the nitrogen content. However, protein content can also be estimated based on the sum of the amino acids. The protein content estimated based on the sum of the amino acids (bound molecular weights) was close to the crude protein content (estimated using nitrogen-to-protein conversion factors specific for each protein source) for most of the protein sources (results not shown). For cooked peas, cooked kidney beans, roasted peanuts, the corn-based breakfast cereal, and wheat bran, however, the sum of the determined amino acids accounted for only ;80% of the estimated crude protein content. The lower recovery of amino acids in relation to the crude protein content is likely mainly due to the presence of nonprotein nitrogen, particularly for the less refined protein sources. For determining both the PDCAAS (1) and DIAAS (12), the generalized nitrogen-to-protein conversion factor (6.25), rather than the use of food specific factors, is recommended. However, both PDCAAS and DIAAS values will be affected by the accuracy of the protein content estimate. For example, using the nitrogen-to-protein conversion factor of 6.25 will tend to overvalue dairy protein sources and undervalue plant protein sources when compared with using food specific factors. Moreover, PDCAAS and DIAAS values will tend to be overestimated when using nitrogen-to-protein conversion factors if there is substantial nonprotein nitrogen present in the protein source. Overall, the validity of using the generalized factor of 6.25, food specific factors, or other methods, such as the summation of amino acids, to estimate the protein content for determining the DIAAS warrants further discussion. It is of note that although the absolute PDCAAS and DIAAS values can change depending on whether a generalized factor or foodspecific factors are used, the relative differences between the PDCAAS and DIAAS for any given food are not greatly affected (data not shown).
The present study used only a relatively small sample set of foods (14 protein sources), but even within that sample set, meaningful differences between the PDCAAS and DIAAS (Table  4) were observed when calculated by using the same amino acid requirement pattern. For example, the PDCAAS differed from the DIAAS by >6% for half of the protein sources tested and by >12% for 3 protein sources. The observed differences for some of the protein sources are particularly relevant for populations with a marginal protein intake, in whom the consequences of overestimating protein quality may be severe. These results support the implementation of the DIAAS. When the PDCAAS and DIAAS were determined based on their respective prescribed amino acid requirement pattern [the WHO (6) for the PDCAAS and the FAO (12) for the DIAAS] and where a PDCAAS >1 was truncated to 1, the difference between the PDCAAS and DIAAS across all protein sources excluding the corn-based breakfast cereal was 13% (Table 5 ). The latter difference is a function of 1) differences between true ileal amino acid digestibility and true fecal nitrogen digestibility, 2) differences in the amino acid requirement pattern prescribed for the DIAAS and PDCAAS and 3) the fact that the PDCAAS uses truncation for scores >1, whereas the DIAAS does not. The fact that the differences between the PDCAAS and DIAAS (Table 5) were often much greater than the differences shown in Table 4 highlights the importance of knowing the amino acid requirement values (reference pattern) with accuracy. The larger where the digestible indispensable amino acid reference ratio was calculated as shown for Table 4 . The lowest protein digestibility-corrected amino acid ratio was calculated using the amino acid requirement pattern for the 1-2-y-old child (grams per kilogram protein) (6) . This is a different ratio than that used for calculating the PDCAAS in Table 4 and reflects the recommended scoring profile for the PDCAAS as formally defined by the FAO (1). For protein sources in which Lys was the limiting amino acid, the ratio was based on total Lys content determined using conventional amino acid analysis. Protein digestibility-corrected amino acid ratios . differences between the PDCAAS and DIAAS in Table 5 compared with Table 4 demonstrate the outcome of the collective recommendations of the FAO (12) in arriving at the new protein quality score, the DIAAS. The use of truncation may undervalue high-quality protein ingredients and does not demonstrate the usefulness of a protein for the combining of protein sources to alter the amino acid balance of the diet (i.e., the complementary effect). In this study, when MPC and WPI were compared with the other protein sources, the DIAAS (nontruncated scores) for the other protein sources were on average 46% and 50% lower than for MPC or WPI, respectively, but the PDCAAS (truncated scores) was on average only 37% lower than for MPC and WPI. Clearly, the use of truncation significantly undervalued the higher-quality protein ingredients compared with lower quality protein ingredients. In addition, when the PDCAAS (truncated scores) is used, the nutritional value of MPC and WPI was deemed to be identical, yet the DIAAS (nontruncated scores) for MPC and WPI were different (1.18 and 1.09, respectively). Clearly, truncated scores are not a suitable measure for assessing the nutritive value of high-quality protein ingredients. The latter conclusion is supported by Schaafsma (4), who commented that using truncated PDCAAS values based only on the limiting amino acid underestimates the power of a high-quality protein to balance the dietary indispensable amino acid content of poorer-quality proteins.
The large difference observed for the corn-based breakfast cereal (515%) reflects in part the observed very low true ileal availability of Lys (13%) in comparison with true ileal nitrogen digestibility (67%). In the latter case, true ileal nitrogen digestibility clearly markedly overestimated true ileal Lys availability and therefore would not be suitable for determining the protein digestibility-corrected amino acid reference ratio for Lys (the dietary first-limiting amino acid) for the corn-based breakfast cereal. The very low ileal availability for Lys was most likely due to Maillard reactions that can occur during processing and highlights the severe impact processing can have on protein quality in some foods. For amino acids like Lys that can be chemically modified during processing, traditional amino acid analysis methods can considerably overestimate the content of the unmodified amino acids in processed foods and lead to inaccuracy in their digestibility estimates (16, 27, 28) . Consequently, specific analytic strategies that determine amino acid content and availability may be required for some amino acids. Such methods exist for Lys, and the PDCAAS has been criticized because digestible total Lys content rather than digestible reactive Lys (available Lys) content is used (3). The DIAAS, on the other hand, recommends the use of digestible reactive Lys rather than digestible total Lys. In this study, the difference between digestible total Lys and available Lys content was practically meaningful (>5%) for more than half of the 14 protein sources examined (SM Rutherfurd, unpublished results). The latter may be particularly important for processed protein sources when Lys is the first-limiting amino acid.
Information about the capability of a protein source to improve the amino acid balance of other poorer-quality protein sources can be lost when using the scores (ratios for the limiting amino acid only). This point is highlighted in Table 6 , in which the DIAAS based on the limiting amino acids in MPC and the corn-based breakfast cereal were 1.18 and 0.01, respectively. However, when combined in a ratio of 60:40 MPC protein to cereal protein (the ratio is based on the relative contribution of protein and is similar to that in an average Western breakfast consisting of a bowl of the cereal with milk), the Lys (which is not the limiting amino acid in MPC) in the MPC complements that of the corn-based breakfast cereal and the DIAAS of the resulting protein mixture increases to 1.07. The power of MPC to supplement the corn-based breakfast cereal is reflected in the Lys ratio of 1.77 for the MPC, not its DIAAS of 1.22.
In conclusion, true fecal nitrogen digestibility differed from true ileal nitrogen digestibility for most of the protein sources and in many cases this difference was large. Moreover, true ileal amino acid digestibility varied considerably across the dietary indispensable amino acids within protein sources and, as a result, a single nitrogen digestibility value should not be used as a proxy for true ileal amino acid digestibility. There were some large differences between the PDCAAS and DIAAS when the scores were calculated as prescribed by the FAO, and these differences were due to the way in which the digestibility correction was made, the amino acid reference pattern used, and truncation. When the scores were not truncated and a common reference pattern was used, so that the difference between scores was due to differences in the digestibility correction alone, statistically significant differences between the PDCAAS and DIAAS persisted. In this case, the PDCAAS was generally higher than the DIAAS, especially for the poorer-quality proteins, and therefore the reported differences in the scores are of potential practical importance for populations in which dietary protein intake may be marginal.
